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ABSTRACT
Classical cadherins were first identified by their function in mediating calciumdependent cellular adhesion and constitute a large family of cellular adhesion receptor
proteins whose differential binding is central to the development and maintenance of
tissue architecture. The interface underlying the binding interaction reveals that all
classical cadherins share a common adhesive interface in which the portion of the β-A
strand closest to the N-terminus is swapped between EC1 domains of the adhesive
partner protomers. A second dimeric configuration, known as the ‘X-dimer’, is the faceto-face association of two protomers in which their orientation is dictated by three
symmetrical noncovalent interactions facilitated by residues near the calcium-binding
sites between EC1 and EC2. This thesis addresses a specific hypothesis regarding the
role of K14 in the orientation of the protomers in the X-dimer structure. Structural and
functional characterization experiments on mutants of K14 including Gel Imaging,
Ultraviolet Absorbance, Temperature Denaturation Studies, and Liquid Chromatography,
offer significant insight on the role of K14 in the kinetics of dimerization of wildtype Ecadherin. Data presented in the current studies indicate that the identity of the residue in
the fourteenth position affects the kinetics and equilibria of dimerization by E-cadherin.
The overarching conclusion is that the loss of K14 is deleterious to the function of Ecadherin.
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LIST OF ABBREVIATIONS AND SYMBOLS
Apo

Calcium-depleted

EC Domain

Extracellular domain

EC1

Extracellular domain 1

EC2

Extracellular domain 2

ECAD12

Epithelial cadherin domains 1 and 2 (residues 1 to 219)

HEPES

N-(2-hydroxyethyl) piperazine-N'-2-ethanesulfonic acid

Kd

Dissociation constant

SDS-PAGE

Sodium dodecylsulfate polyacrylamide gel electrophoresis
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Size exclusion chromatography

TCEP

Tris 2-carboxyethyl phosphine
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INTRODUCTION
Differential cellular adhesion is a necessary component in the development and
maintenance of multicellular organisms. Distinct subsets of cellular adhesion molecules
give rise to cellular identity, a critical feature for the formation of tissues and their
specific design1, 2. Classical cadherins were first identified by their function in mediating
calcium-dependent cellular adhesion3. They constitute a large family of cellular adhesion
receptor proteins whose proper function is central to the development and maintenance of
tissue architecture. The cellular adhesion mediated by this class of glycoproteins is
calcium-dependent, and, in addition to their function as cellular adhesion binding
molecules, they also facilitate cellular recognition4, 5. Cadherins occur in an assortment
of species extending from unicellular animals with multicellular life cycles to mammals,
in which they play a key role in morphogenetic processes such as separation of
embryonic cell layers, synapse formation and specificity in the central nervous system,
cell signaling, and homeostasis of developed tissues1. Consistent with such functions, a
decrease in cadherin expression causes cells to lose cell to cell adhesion and is, therefore,
a common feature of metastasis6, 7. Because of cadherin’s role in development and
maintenance of tissues in vertebrates, extreme interest in the molecular basis of its
function has developed in recent years. This thesis is directed toward testing a structurebased model for the kinetics of cadherin interactions.
Members of the cadherin superfamily are described by a structural element
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common to all, multiple repeats of β-sandwich extracellular (EC) domains that adopt a
fold similar to that of immunoglobulin domains8. The numbers of EC domains, the
organization of each, and other structural features vary extensively among different
classes of cadherin proteins, giving rise to numerous subfamilies within the cadherin
superfamily. The vertebrate classical cadherins are by far the most thoroughly
understood of these subfamilies, and this subclass of cadherins is comprised of six ‘type
I’ and thirteen ‘type II’ cadherins in typical vertebrate genomes, sharing a conserved
cytoplasmic domain and an extracellular (EC) region that contains five tandem EC
domains9. Each modular EC domain is constituted by a seven-stranded β-barrel as is
depicted in Figure 1 with the N- and C-termini located opposite each other, permitting
successive domains to be arranged in sequence.
B

A
Figure 1: Typical folding of an EC domain shown in ribbon representation.
(A)
Folding topology of modular domains. Seven antiparallel β-strands (A-G) fold into a Greek key
motif. The A strand is split into two halves, the A*- and A-strands, by a Pro-Pro sequence. A*-strand is in
an antiparallel orientation with the B-strand; the A-strand is in a parallel orientation to the G-strand.
Calcium ions bind between consecutive EC domains. Acidic residues in the loops connect the strands and
participate in chelating the calcium ions.
(B)
A ribbon drawing of the second domain of E-cadherin is shown. Notice that the strands are
different lengths. There is no α-helix in the protein. A short segment of 3-10 helix is apparent10.
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Classical cadherins comprise the archetypal example of calcium-dependent
homophilic cellular adhesion and are the primary transmembrane component of adherens
junctions, specialized structures that indirectly link the actin cytoskeletal network
between adherent cells11. The adhesive interface is formed by swapping of the β-A
strand between EC1 domains of the adhesive partner protomers. This occurs through
both the ionic interaction between the E89 residue with the N-terminus of the protein, as
well as the docking of the W2 side-chain into the pockets formed between protomers.
Numerous mutation, electron microscopy, structural, and cell studies have established the
physiological importance and necessity of this ‘strand-swapped’ mechanism for the
formation of an adhesive interface9, and has led to the widely accepted view that adhesive
binding between cadherins occurs via this strand-swapped interface, as is depicted in
Figure 2.
Calcium is required for stabilization of adherens junctions. Conserved calciumbinding sites in EC domains coordinate three calcium ions in the linker regions between
consecutive domains, which strengthen and rigidify the EC domain structure and protect
it from proteolysis12. Calcium binding also promotes dimerization by creating strain in
the monomeric structure that is relieved upon formation of the strand-swapped
structure13. Beyond near certainty of these basic features of the adhesive structure, the
molecular determinants of cadherin adhesive bonds and the kinetic and equilibrium
properties of assembly and disassembly are among the most disputed issues in the study
of cellular adhesion.
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Figure 2: Structure of strandswapped E-cadherin.

	
   	
  
	
  	
  

	
  

	
   	
   	
  

	
  

	
  

	
   	
  

(A) The two most distal modular
domains are represented as blue
ovals. The N-terminus (green) and
the side chain of the E89 residue
(black) attract ionically. This event is
happens simultaneously with the
docking of W2 in the pocket. Both
events work to stabilize the closed
dimer form.
(B) Ribbon drawing of strandswapped interface. Figure is taken
from Brasch et al9.
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In 2010, researchers from Dr. Lawrence Shapiro’s laboratory proposed a
provocative model for an alternative dimeric structure that must form to promote rapid
kinetics of adhesive dimer assembly and disassembly. This second dimeric structure,
known as the ‘X-dimer’, is facilitated by residues near the calcium-binding sites in EC1
(K14) and EC2 (D138), and two other interactions, and is depicted in Figure 3. In their
model, these residues are essential for forming the “transition state” that ensures rapid
assembly and disassembly of the strand-swapped structure.

Figure 3: The X-dimer functions as the
transition state between the closed
monomer and the strand-swapped
dimer.
EC1"

+"

Ini$al'encounter.Complex.

In the calcium-bound state, the monomer is
under strain. To form the strand-swapped
dimer, the monomers must orient with EC1s in
close proximity so that the strands can swap.
The X-dimer is the proposed close-encounter
structure that promotes the strand exchange
from monomer to dimer.

EC2"

Closed""
Monomer"

Closed""
Dimer"

Key"
Ca2+%

Linker% βA.strand% α.amino%

W2%

E89%

K14%

D138%
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The general concept of an X-dimer14 or an initial encounter complex15 as a
transition state that facilitates rapid kinetics of dimerization is extremely useful in
explaining observed phenomena related to strand-crossover dimer formation. An
intermediate structure that promotes the face-to-face association of protomers prior to
strand exchange explains why only cadherin dimers are observed and not daisy-chain
oligomers. In addition, studies from our laboratory have shown that W2, a residue that is
normally buried in the hydrophobic pocket, is not exposed to solvent when the A-strand
opens up and swaps to form the adhesive dimer13. Protection of W2 from exposure to the
aqueous buffer implies that the crossover interface is buried in some intermediate
structure.
Such molecular determinants that stabilize the X-dimer structure were originally
defined by the Shapiro laboratory14. Based on ionic and hydrogen-bonding interactions
observed in a crystallographic structure, four critical interactions were discovered, as is
depicted in Figure 4. These are symmetrical interactions that occur in both directions.
In determining the X-dimer interface’s functional role in cadherin adhesive interactions,
where strand swapping occurs, Harrison introduced mutations designed to prevent the
establishment of X-dimer in otherwise wild-type E-cadherin. Mutations were introduced
at Lys14, which forms an intermolecular salt bridge with Asp138 at the X-dimer interface
in wild-type form, to substitute lysine with glutamate. Reversal of the charge on Lys14
when replaced by a glutamate should induce electrostatic repulsion with the negative
charge on Asp138 and disrupt X-dimer formation. Together, the cell-aggregation and
Size Exclusion Chromatographic assays of Harrison suggest that point mutation at K14 in
the X-dimer interface renders E-cadherin incapable of mediating cellular adhesion due to
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a high energy barrier between the closed monomer and the closed dimer. This barrier
leads to slow kinetics of dimer assembly and disassembly that would preclude normal
function of adherens junctions. Harrison’s results define an encounter complex
mechanism in which the X-dimer serves as an intermediate along the path to a strandswapped dimer, and cell-aggregation assays indicate that cellular adhesion, under the
conditions observed, critically depends on X-dimer function (Figure 3). Therefore, it is
possible that cadherins with mismatched X-dimer interfaces may not be expected to
dimerize by strand-swapping, providing a potential means for specificity. The striking
effect of the K14E mutation on the kinetics of dimerization created a wave of
experiments in expanded techniques such as NMR and cell culture studies, as well as on
other classical cadherins such as neural (N) and placental (P) cadherins, that are reviewed
below.
A

B

Figure 4: X-interface interactions
in E-cadherin.

E-cadherin
K14 - D138
Q101 - D100

K14

R105

Q101 - N143

D100

Q101

D138
E199

N143

(A)
Pairwise interactions between
residues in ECAD12 proposed by
Harrison et al14. Residues on the left
are on one protomer and those on the
right are the partner interactions on the
other protomer.
(B) Ribbon drawing representing
the position of the X-interface residues
on protomers.

R105 - E199

The original X-dimer studies argue that assembly and disassembly both require
formation of the X-dimer intermediate (Figure 3)14. Results from studies by Hong et al
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do not posit the X-dimer playing a significant role in cadherin cluster assembly16; instead,
they argue that this dimer is essential for the disassembly of cadherin strand-swap dimers
from the assembled adherens junctions. Hong’s X-dimer mutations suggest that cadherin
adhesion is a directional process: cadherin dimers assemble and disassemble by means of
two different pathways. Cadherin forms a dimer by means of direct strand-swapping, but
it is released from the junction via a strand-swapped to X-dimer transition state. This
result is contrary to the model presented in Figure 3. In an alternative proposal for the
role of the X-dimer interface, Emond and coworkers agree that the X-dimer interface is
important for rapid exchange dynamics but that the picture is more complex for Ncadherin17. Emond’s studies indicate that extracellular cis-interactions can also have
profound effects on cadherin adhesion. She asserts the possibility that the complement of
protocadherins and other cofactors expressed by a given cell or tissue is essential to the
adhesive activity of cadherins in vivo. Recent studies by Kudo investigate the role of the
K14E mutation in dimerization kinetics in human P-cadherin18. They also observed slow
exchange behavior in the K14E mutant. The issue concerning the work posited by their
laboratory as it pertains to the current study is that human P-cadherin is missing a Pro5,
an inconsistency with the other classical cadherins that is known to create slow exchange
between monomer and dimer19, 20. Despite disparity among results in determining the
role of the X-dimer, it is an extremely important interface regarding cellular adhesion by
cadherins, and it is the mutation of this interface on which the following research study
will focus.
Recent work form our laboratory showed that in N-cadherin the R14E mutant
demonstrates slow exchange between monomers and dimers21, 22. Is the exchange

7

behavior due to the loss of R14, or due to the presence of glutamate in the fourteenth
position? To test this, Vunnam et al21 conducted a series of experiments in order to test
the effects of the R14S and R14A mutants of NCAD12 on the kinetics of dimer assembly
and disassembly. She found that the slow dimerization kinetics observed for the R14E
mutant was due to the presence of glutamate, not the absence of arginine. This result is
very relevant to the studies of the role of K14 in ECAD12 in the X-dimer intermediate
from the literature discussed above. Every study presented above was performed on the
charge-change mutant, K14E, yet the results were interpreted as the profound kinetic
effect of the mutation was due to the loss of lysine, not the gain of glutamate. Thus, our
recent results bring into question the role of K14 in rapid kinetics of dimerization of Ecadherin. Additionally, Harrison’s study included the K14S mutant of ECAD12, but the
study failed to present data that would be necessary to judge the effect of this mutation on
the kinetics of dimerization14.
The work presented here addresses this point mutation and its role in preventing
X-dimer formation by taking Harrison’s study one step further, in introducing the K14S
and K14A mutations into ECAD12. In the K14S mutant, the side chain can hydrogenbond but cannot participate in hydrophobic interactions. Alanine is a nonpolar, aliphatic
residue that precludes charge-charge interactions and H-bonding. In aggregate, these
mutants address the research question of whether it is the gain of a negative charge, as in
the K14E mutant, which disrupts X-dimer formation, or more simply, the loss of the
positively charged lysine. We address the effects of the K14S and K14A mutations on
the linked equilibria of folding stability and dimer assembly and disassembly. Functional
characterization and structural experiments, such as Ultraviolet (UV) Absorbance,
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Temperature Denaturation Studies, and Analytical Chromatography, offer significant
insight on the effect of such mutations in comparison to wild-type and the K14E mutant.
In summary, the studies in this thesis report a systematic testing of the role of K14
in the X-dimer interface of E-cadherin. This is a fundamental protein structural and
functional question. The long term application of the results of these studies will be to
highlight the differences between Epithelial and Neural cadherin, with the hope that these
differences will allow inhibition or promotion of their function as demanded by the
specific physiological phenomena. The significance of the role of classical cadherins in
myriad cellular processes confers significance to the understanding of the role of the Xdimer interface in physiology as a subject worthy of further research.
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METHODOLOGY
Epithelial Cadherin Protein Expression and Purification
Four different constructs comprising EC1 and EC2 of E-Cadherin were created:
ECAD12/WT, ECAD12/K14A, ECAD12/K14E, and ECAD12/K14S. The mutant
constructs were created by site-directed mutagenesis of the ECAD12/WT vector using
the Quickchange kit (Stratagene). Proteins are expressed as fusion proteins with an exra
45 amino acid peptide at the N-terminal end that must be cleaved by a protease to yield
the final mature construct.
Sterile LB Agar plates were prepared in two separate 250-mL Erlenmeyer flasks.
To each flask 100 mL of water, 2 g of tryptone, 1 g of yeast extract, 1 g of NaCl, and 1.5
g of agar were added. Each flask was covered with foil, labeled and autoclaved. When
the flasks had cooled to approximately 55-60° C, 100 µL (microliters) of Kanamycin
stock (100 mg/mL) was added. The mouths of the flasks were flamed before pouring
each plate. The lids of each plate were labeled according to plate contents, and the lids
were lightly placed on each plate and allowed to cool on the tabletop overnight in order to
evaporate condensation. Once all condensation had evaporated, plate edges were sealed
with parafilm and placed in the refrigerator.
In producing the liquid cultures, one 50-mL sterile LB (Luria Broth) culture was
prepared in a 250-mL Erlenmeyer flask: 50 mL of water, 1 g of tryptone, 0.5 g of yeast
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extract, and 0.5 g of NaCl were added to the flask, which was then covered with foil,
labeled, and autoclaved. Two separate sterile 1-L LB cultures were then prepared in 2.5L Fernbach flasks. To each flask, 1 L of water, 20 g of tryptone, 10 g of yeast extract,
and 10 g of NaCl were added. Each flask was then covered with foil, labeled, and
autoclaved, as well.
To prepare a fresh colony, a sterile plastic inoculation loop was used to remove a
small portion of pre-transformed cells and quickly streaked across the LB Agar plate.
The edges of the plate were sealed with parafilm, and the plate was placed in the
incubator at 37° C overnight. Following incubation, overnight cultures were prepared by
adding 50 µL of Kanamycin stock to the 50-mL LB culture for a final concentration of
100 µL/mL. A small, well-defined colony was chosen from the LB Agar plate, and the
50-mL LB-Kanamycin culture was inoculated. The flask was placed in the incubator in a
rotating shaker at 37° C, 200 rpm overnight.
In order to overexpress the protein, 20 mL of 20% glucose, 50 mL of 1 M
potassium phosphate, 5 mL of overnight culture, and 1 mL of Kanamycin stock were
added to the large (1-L) culture for a final concentration of 100 µg (micrograms)/mL.
The flask was then placed in the rotation shaker at 37° C, 200 rpm for three hours. The
absorbance was then checked at 600 nm blanked against LB every 15 minutes until the
0.6-1.0 AU window was reached. Once this window was reached, the sample was
induced. One mL of 0.4 M IPTG was then added to each large culture. The large culture
was grown at 37° C, 200 rpm for two hours. The cells were then harvested by
transferring them into 1-L centrifuge bottles. The one L bottles of culture were spun in
the Sorvall 5B centrifuge at 3,000 rpm for fifteen minutes at 4° C. The supernatant from

11

this sample was decanted and discarded, leaving only the harvested cells. These cells
were then resuspended in approximately 10 mL of 20 mM HEPES, 100 mM KCl, pH 7.4
buffer. The combined cells were transferred to 50-mL conicals and frozen at -20° C.
In order to fractionate and purify the inclusion bodies of the cadherin protein,
pelleted cells were sonicated at five-second intervals for six minutes. The pressed cells
were then centrifuged at 13,000 rpm at 4° C for 45 minutes. The supernatant from this
sample was saved. Fifteen mL of 10% Triton-X was then added to the pellet and
incubated at room temperature for ten minutes. The cadherin protein was in this pellet,
and the 10% Triton-X suspension of inclusion bodies was then centrifuged for twenty
minutes at 13,000 rpm at 4° C. Following this centrifugation, the supernatant was
decanted and saved. Fifteen mL of 1% Triton-X was then added to the pellet, and a
stirring rod was used to dissolve the pellet into this solution. The solution was then
incubated at room temperature for ten minutes. The pellet solution was then centrifuged
at 13,000 rpm for twenty minutes at 4° C. The supernatant was decanted. Fifteen mL of
1% Triton-X was then added to the pellet, and a stirring rod was used to dissolve the
pellet into the solution. The solution was incubated at room temperature for ten minutes.
The pellet solution was then again centrifuged at 13,000 rpm for twenty minutes at 4° C.
The supernatant from this centrifugation was then decanted and saved. This pellet
appeared white and contained the cadherin protein. The pellet was dissolved in binding
buffer for His Tag chromatography and 6 M urea. The remaining solution was placed in
a refrigerator and mixed with a stir bar overnight.
In order to conduct His Tag chromatography on the cadherin protein, the pellet
solution was centrifuged at 13,000 rpm for twenty minutes at 4° C following overnight

12

refrigeration and mixing with urea. The supernatant contained the cadherin protein and
was saved following this centrifugation. The sample was filtered prior to loading it on
the His Tag column. The His Tag column was cleaned and equilibrated using 25 mL of 6
M urea binding buffer. Five mL of the protein sample was then loaded onto the His Tag
column. Five mL of binding buffer was then loaded onto the His Tag column, and the 5
mL of flow through was collected in a 15 mL conical and labeled BB1-1. This step was
repeated two more times, labeling conicals BB1-2 and BB1-3, respectively. Five mL of
the washing buffer was then loaded onto the His Tag column, and the 5 mL of flow
through was collected in a 15 mL conical and labeled WB1-1. This step was repeated
three more times, labeling the conicals WB1-2, WB1-3, and WB1-4, respectively. Five
mL of elution buffer was then loaded onto the His Tag column, and the 5 mL of flow
through was collected in a 15 mL conical and labeled EB1-1. This step was repeated five
more times, labeling the conicals EB1-2, EB1-3, EB1-4, EB1-5, and EB1-6, respectively.
His Tag chromatography was repeated for the remainder of the protein sample. It was
determined which His Tag fractions contained cadherin protein by checking the
absorbance of each fraction blanked against the binding buffer. The fractions were saved
at 4° C.
In order to digest the cadherin protein in trypsin, 2 L of trypsin dialysis buffer
were prepared by combining 0.735 g of CaCl2, 16.36 g of NaCl, 4.85 g of Tris, 100 mL
of 5% Glycerol, 1700 mL of deionized water. The pH was adjusted to 7.9. After the pH
was adjusted, 0.31 g of DTT were added to the liquid and mixed for five minutes.
Deionized water was added to bring the final volume of the mixture to 2 L, and a 10 µL
pre-digestion sample was taken for a gel. Twelve cm of molecular porous membrane was
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immersed in the trypsin dialysis buffer, and one end of the membrane was clipped. The
His Tag fractions determined to contain cadherin protein were poured into the dialysis
bag. The open end was clipped and both ends wrapped with parafilm. The membrane
was placed in the trypsin digest buffer, and the container was covered with foil and
refrigerated overnight with stirbar on speed 3. Following overnight refrigeration, the
membrane was removed from the buffer, and one end was opened and the solution
poured into a conical. Eight eppendorfs were labeled one through eight, and 250 µL of
immobilized trypsin were pipetted into each. To each of these, 750 µL of trypsin dialysis
buffer was added and then vortexed. Each eppendorf was then centrifuged for five
minutes on the tabletop centrifuge, and the supernatant was decanted and discarded. The
addition of 250 µL of immobilized trypsin and 750 µL of trypsin dialysis buffer and the
centrifugation for five minutes were repeated twice more. Then, 500 µL of trypsin
dialyzed protein was added to each eppendorf and vortexed. This was then digested for
four and a half hours on gel bend with shaking. The eppendorfs were then centrifuged
for ten minutes, and the supernatant was saved, as the cadherin protein is found there. A
gel was run to ensure that the protein was digested. Digests were combined. Protein was
dialysed against SEC buffer (10 mM HEPES, 140 mM NaCl, pH 7.4) with multiple
buffer changes to drop the pCa below 6.
Gel Electrophoresis Imaging
Reducing, denaturing gel electrophoresis was used to determine the purity and
size of each of the protein mutants throughout and following protein overexpression and
purification by SDS-PAGE in 17% polyacrylamide gels. To analyze the protein samples,
10 µL of 80 µM protein sample was mixed with 10 µL of native loading buffer (0.5 M
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Tris/HCl (pH 6.8)/5% Glycerol/2% bromophenol blue), and 10 µL of this mixture was
loaded onto the 17% SDS-PAGE gel. Gels were electrophoresed at 200 V for two hours
at 4° C and then stained with Coomassie Blue and destained with a methanol, acetic acid
solution. Gels were photographed with a Gel Doc system (BioRad).
Ultraviolet Absorbance Spectral Studies
Protein concentrations of each stock, as well as protein folding, were determined
experimentally by checking UV absorbance at 280 and 332 nm, subtracting, and dividing
by an extinction coefficient of 23000 ± 600 M-1cm-1 for ECAD12 constructs in current
studies. Concentrations of the protein overexpression and purification were determined
to be 78 µM.
Temperature Denaturation Studies
Thermal unfolding of the four constructs (K14A, K14E, K14S, and wild-type)
was monitored using AVIV 62DS Circular Dichroism (CD) spectrometer, in order to
determine whether the intrinsic stability of E-cadherin was severely impaired by such
mutations. To monitor the effect of calcium binding on protein stability, studies were
performed at two calcium concentrations, Apo and calcium-saturated state (1 mM) in 140
mM NaCl, 10 mM HEPES, pH 7.4. The thermal-denaturation transitions were then fit to
the Gibbs-Helmholtz equation.
A wavelength scan was first conducted using the CD spectrometer in order to
assess the wavelength with the optimum signal to noise ratio for use in the temperature
denaturation experiments. Experimental configurations were set such that the stir bar
speed was set to ~75, and the time constant was left to remain at 100 milliseconds. The
monochrometer was set to a wavelength of 300 nm and a bandwidth of 1.0 nm. Start and
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stop wavelengths were then chosen, as well as step size (1.0 nm), number of repeats (1),
and the averaging time (5 seconds for 1.0 cm path lengths. Following the configuration
of the experiment, CD signals were taken for each of the four protein constructs (K14A,
K14E, K14S, and wild type) in order to construct a wavelength scan via CD
spectrometry.
After wavelength scans were taken for each of the three constructs, temperature
denaturation was completed for all three in order to determine whether the intrinsic
stability of E-Cadherin was severely impaired by the mutation of K14, as well as to
monitor the effect of calcium binding on protein stability. Studies were performed at two
calcium concentrations, Apo and calcium-saturated state (1 mM) in 140 mM NaCl, 10
mM HEPES, pH 7.4. Similar to wavelength scans, experimental configurations were
again set on the instrument such that the stir control was set to a speed of ~75 and the
monochromator wavelength for the experiment was set to 230 nm. The temperature
range for such a denaturation was set to 15°-90° C, and the rate of change was set to 1° C
per minute. The average opening time of the shutter was set to five seconds, and the
equilibration time at each wavelength was set to thirty seconds. Temperature
denaturations were then run for each construct, in order to monitor the effect of calcium
binding on protein stability.
Circular Dichroism signals from temperature-denaturation transitions were then
plotted using IGOR software and fitted according to the Gibbs Helmholtz equation,
which is ΔG = ΔHm (1-T/Tm) + ΔCp (T-Tm – T (ln(T/Tm)) with linear native and
denatured baselines with adjustable slopes and intercepts.
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Analytical Chromatography Studies
Analytical size exclusion chromatography was used to determine the presence of
dimer in protein stocks. These experiments were performed using an AKTA Purifier
HPLC (Pharmacia) with a Superose-12 10/300 GL Column (GE Healthcare) with
detection at 280 nm and 0.5 mL/minute flow rate. The total volume 0f the column was
approximately 25 mL (45 minutes). The column volume is ~25 mL and the total time to
elute monomer was ~15 mL. The SEC column was calibrated with molecular weight
standards. There was no indication of species larger than dimer in the chromatogram.
Analytical SEC experiments were conducted in order to assess the monomer-dimer
equilibria as a function of time and protein concentration.
Both the K14A and K14S protein mutants were used to prepare 800-µL samples
with TCEP, a reducing agent with limited absorbance at 280 nm. These were aliquotted
into eight 100-µL samples for injection. The first four samples of each mutant were
loaded at one-hour intervals, and Calcium was added to the last four samples of each, and
these were subsequently loaded onto the Liquid Chromatography column as well. In this
manner, analytical SEC experiments were conducted to assess monomer-dimer equilibria
of both the K14A and K14S mutants in the Apo state and in the presence of calcium as a
function of time. This procedure was then repeated for the K14S mutant, with time
intervals of two hours.
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RESULTS
The following chapter will present data and outline significant features for
characterization of the effect of mutations on the protein, measurement of the stability of
the protein constructs, and measurement of the effect of the mutations on dimer
assembly.
Gel Electrophoresis Imaging
Reducing, denaturing gel electrophoresis was used to determine the purity and
size of each of the protein mutants throughout and following protein overexpression and
purification by SDS-PAGE in 17% polyacrylamide gels. Only the gels for the last step in
the purification are shown in Figure 5. First, as mentioned in the figure legend, the
larger band in each set is a pre-digestion sample. This is referring to the fact that the
protein is expressed as a fusion with a 45-amino acids segment that must be cleaved with
trypsin to yield the dimerization-competent construct. Visual assessment of each of the
gels displayed in Figure 5 yields the conclusion that molecular weights and purities were
nearly identical across each mutation and the wild-type protein, and that such mutations
had little to no effect on the molecular weight of the protein itself. Based on the position
of molecular weight standards, the molecular weight of each mutant appears to be
~30,000 g/mol. The actual molecular weight is only ~24,000 g/mol.; however, ECAD12
is known to have an anonymously high molecular weight or low migration23.
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B

A

Figure 5: Gel Electrophoresis Imaging Results.
(A)
From left to right: Molecular Weight Standard, Pre-Trypsin Digestion K14A, Post-Digestion
K14A, Pre-Digestion K14E, Post-Digestion K14E, Pre-Digestion K14S, Post-Digestion K14S.
Approximate purities and molecular weights are assessed and determined to be nearly identical across each
protein mutation when compared using this method.
(B)
From left to right: Molecular Weight Standard, Pre-Trypsin Digestion K14A, Post-Digestion
K14A, Post-Digestion K14A, Pre-Digestion K14S, Post-Digestion K14S, Post-Digestion K14S, wild-type
ECAD12 K14D. Again purities and molecular weights were assessed and determined to be corresponding
to that of the wild-type protein when compared using this method.

Ultraviolet Absorbance Spectral Studies
Ultraviolet spectrometry is used to indicate that the protein is folded and to
determine its concentration. Based on the clarity of the features from the spectra, it is
obvious that these three mutant proteins are folded into a compact form. In addition, they
are identical, so there is no obvious aberration based on the mutations. The extinction
coefficient for wild type ECAD12 was used to estimate their concentrations based on the
height of the UV peak at 280 nm.

19

Figure 6: UV Absorbance
Spectra.
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280 nm.
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Temperature Denaturation Studies
Temperature denaturation studies were performed to assess the mutations’ effect
on the structure and stability of the protein. In all data sets, the CD signal became more
negative as the protein unfolded and the unfolding profiles showed two transitions: the
first results from the denaturation of EC2 and the second from the denaturation of EC113.
Data for both transitions were fitted to the Gibbs Helmholtz equation piecewise;
transition 1 was fit to the Gibbs Helmholz, as was transition 2, but not simultaneously.
All mutant data were identical: both transitions had the same shape and position (Figure
7). The resolved parameters from fits are reported in Table 1. Analysis of these
unfolding profiles is problematic because of their dependence upon the definition of the
native and unfolded baselines for each transition. As is clear from inspection of the
unfolding transitions, neither the intermediate baseline nor the final unfolded baselines
are well defined. The method is to use the same analysis procedure for all data sets and
to consider the resolved parameters to be comparable to each other in a relative sense. A
particular problem is the baseline between Transition 1 and Transition 2. Resolved
parameters are particularly dependent on the resolution of that baseline since it is the
unfolded baseline of EC2 and the native baseline for EC1. Despite disparity in the
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graphical representation of the data, as seen in Figure 7, all three of the K14-mutant
proteins displayed markedly similar structure and stability.
In the case for the unfolding profile for the wild-type protein, it appears that the
span of the unfolding of EC1 (transition 2) is greater than the analogous transition in the
K14 mutants. Thus, when the data were normalized, the wild type ECAD12 unfolding
profile is offset relative to the other three. The resolved values for parameters from the
Gibbs Helmholtz equation, however, are similar for all 4 proteins.
2
K14E
K14S
K14A
wild type

CD Signal, 230 nm
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Figure 7: Temperature Denaturation Experiment Results.
Data points are represented by small x’s as noted in the legend. The solid black lines are simulated based
on piecewise fits to the Gibbs Helmholtz equation to transition 1 and to transition 2. Parameters resolved
from fits are shown in Table 1.
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Table 1: Melting Temperature (Tm) and Gibbs Free Energy (ΔG) Trends, As Determined
by Temperature Denaturation Experiment Results.
K14S
Transition 1
Transition 2
Tm (°C)
33.9 ± 0.4
Tm (°C)
70.2 ± 0.5
ΔG (kJ)
2.89
ΔG (kJ)
3.86
K14A
Transition 1
Transition 2
Tm (°C)
34.2 ± 0.7
Tm (°C)
70.2 ± 0.2
ΔG (kJ)
1.54
ΔG (kJ)
3.86
K14E
Transition 1
Transition 2
Tm (°C)
36.2 ± 1.5
Tm (°C)
71.0 ± 0.4
ΔG (kJ)
1.65
ΔG (kJ)
2.79
WT
Transition 1
Transition 2
Tm (°C)
35.9 ± 0.5
Tm (°C)
69.6 ± 0.2
ΔG (kJ)
2.96
ΔG (kJ)
3.73
Analytical Chromatography Studies
Analytical SEC was used to monitor the effect of the X-interface mutations on the
assembly kinetics of monomer-dimer equilibria in the presence of calcium as a function
of time. The first peak shown in the chromatograms in Figures 8 and 9 is the dimer and
the second peak is the monomer. The level of each is reflected in their peak heights. In
every experiment presented here, a concentrated stock was diluted to prepare the analyte
solutions. Because the X-dimer mutants may impact the kinetics of dimerization, the
time-dependent rearrangement of the monomer/dimer ratio as a function of time was an
important point of study. In the time-dependent study of the equilibration of stock of the
K14A mutant, the time interval of 0, 1 and 2 hours was monitored in the Apo and
calcium-added states (Figure 8). Dissociation constant (Kd) trends are given in Table 2.
Similar data were taken for K14s and are shown in Figure 9 and Table 3. Both mutants
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were found to exhibit similar monomer dimer kinetics and equilibria of dimer assembly,
both in the Apo and calcium-infused states.
In Figure 8A the dimer peak is largest at the 0-hr. time point, indicating that
dimer was present in the concentrated Apo stock and was not able to disassemble during
such a short incubation period. This is also reflected in the smaller Kd value for the 0-hr.
time point in Table 2. The level of dimer stabilized as incubation time is increased, and
is reflected in the plateau in Kd. Thus, the figure illustrates that in the Apo state, the
protein is slow to equilibrate to a known fixed level. The explanation for the calciumadded K14A data is similar except that the level of monomer and dimer seem at
equilibrium immediately in spite of the fact that there are two peaks in the chromatogram.
An essentially identical data set for K14S yielded identical qualitative results as shown in
Figures 9A and 9B and Table 3. Quantitative analysis to determine the Kd for
dimerization yields values that are statistically different for the two proteins. K14A has a
higher affinity dimerization event than K14S. The values of 80-85 µM (K14A) and 110118 µM (K14S) bracket the value for wild-type ECAD12 (100 µM24).
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Figure 8: Analytical Chromatography Results: K14A, Time-Dependent Study. (A) Apo
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state, and (B) calcium-saturated state.
Elution volume from the column is graphed versus absorbance at 280 nm. Dimer elutes first at ~ 11 min
and monomer at ~ 12 min.

Table 2: Dissociation Constant (Kd) Trends As a Function of Time, As Determined by
the Analytical Chromatography Results: K14A, Time-Dependent Study.
Apo
Ca2+
Time (hr.)
Kd (µM)
Time (hr.)
Kd (µM)
0
89
0
80
1
162
1
80
2
225
2
85
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Figure 9: Analytical Chromatography Results: K14S, Time-Dependent Study. (A) Apo
state, and (B) calcium-saturated state.

Table 3: Dissociation Constant (Kd) Trends As a Function of Time, As Determined by
the Analytical Chromatography Results: K14S, Time-Dependent Study.
Apo
Ca2+
Time (hr.)
Kd (µM)
Time (hr.)
Kd (µM)
0
103
0
115
2
194
2
116
4
217
4
118
6
226
6
110
8
229
8
116
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Both the K14A and K14S mutants exhibit decreased dimer level in the absence of
calcium, indicating that calcium promotes dimerization. Second, the kinetics of
dimerization is slow, as indicated by two peaks in Analytical SEC chromatograms
(Figures 8 and 9). In addition the equilibration between monomer and dimer is rapid in
both mutants in the presence of calcium since the level of dimer does not change as a
function of incubation time. Previous Analytical Chromatography studies on the K14E
mutation are compared to wildtype as depicted in Figure 10. It takes between 3 hours
and two days for the K14E to equilibrate between monomer and dimer, whereas wildtype
is a single peak indicating that it is in fast exchange in the presence of calcium. Thus,
both K14A and K14S equilibrate quickly than K14E, indicating that the nature of the
mutation affects the effect of the loss of K14.
Figure 10: Previous Analytical
Chromatography Results: K14E, TimeDependent Study
Elution volume from the column is graphed versus
absorbance units. The mobile phase buffer contains
1 mM calcium. The long dash data are from
ECAD12-wild type. The curves with two peaks
depict dimer/monomer equilibria following an
incubation period of 2 hours (short dash) and two
days (solid), indicating that the K14E mutant
equilibrates much more slowly than either K14A or
K14S. Data are unpublished work from the
laboratory notebook of Dr. Nagamani Vunnam.
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DISCUSSION
Classical cadherins comprise the archetypal example of calcium-dependent
homophilic cellular adhesion and are the primary transmembrane component of adherens
junctions, specialized structures that indirectly link the actin cytoskeletal network
between adherent cells. Because of cadherin’s role in development and maintenance of
tissue in vertebrates, extreme interest in the molecular basis of its function has developed
in recent years. This thesis is directed toward testing a structure-based model for the
kinetics of cadherin interactions.
The adhesive interface is formed by swapping of the β-A strand between EC1
domains of the adhesive partner protomers. Beyond near certainty of these basic features
of the adhesive structure, the molecular determinants of cadherin adhesive bonds and the
kinetic and equilibrium properties of assembly and disassembly are among the most
disputed issues in the study of cellular adhesion. The strand-swapped structures10, 25, 26,
x-ray crystallographic14, 27, 28 and NMR29 structures from Shapiro’s laboratory revealed an
alternative dimeric configuration. This second dimeric configuration, known as the ‘Xdimer’, is facilitated by residues near the calcium-binding sites in EC1 (K14) and EC2
(D138). In their model, these residues are essential for rapid assembly and disassembly
of the strand-swapped structure.
Despite disparity among results in determining the accepted role of the X-dimer,
it is an extremely important interface regarding cellular adhesion by cadherins, and it is
the mutation of this interface on which the following research study focused. The work
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presented here takes Harrison’s study14 one step further by introducing the K14S and
K14A mutations into ECAD12. In summary, the studies in this thesis report a systematic
testing of the fundamental protein structural and functional question of the effects of the
loss of K14 in the kinetics of dimerization by E-cadherin.
The major contribution of this work is the use of biophysical approaches to study
the effect of alanine, serine and glutamate mutants of K14 in the characterization,
structural and folding stability, and kinetics of dimerization in E-cadherin in both the Apo
state and in the presence of calcium. Functional characterization and structural
experiments, such as Gel Electrophoresis Imaging, UV Absorbance, Temperature
Denaturation Studies, and Analytical Chromatography, were conducted and offer
significant insight on the effect of such mutations in comparison to wild type ECAD12.
Gel images presented here argue successfully expressed and purified mutant
constructs. The fact that the mutant constructs were processed by the identical protocol
used for wild type protein argues that these proteins were “normal” and that the mutations
were not globally destructive to the protein integrity and form. Gel imaging
demonstrated that molecular weights and purities were nearly identical across each
mutation and the wild-type protein, and that such mutations had little to no effect on the
molecular weight of the protein itself. Based on the clarity of the features from the UV
spectra, it was obvious that these three mutant proteins were folded into a compact form.
In addition, the spectra are identical, so there is no obvious aberration based on the
mutations implemented.
All three of the site-specific mutants displayed markedly similar structure and
stability as the wildtype ECAD12 in Temperature Denaturation Studies. This was
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reflected in the shape and position of the unfolding transitions and in the parameters
rendered by the fitting according to the Gibbs Helmholtz equations. Further
consideration of the apparent differences between the wild-type construct and the three
mutants led to the conclusion that there is a difference in the span of the unfolding
transition corresponding to EC1, the site of the mutation. Further studies are planned to
investigate this apparent difference in the CD signal from EC1. However, since the
resolved values for the stability of EC1 are similar in all cases, it can be argued that the
mutations are significantly deleterious to the structure and function of EC1.
Finally, both the K14A and K14S mutants were found to exhibit very markedly
similar monomer/dimer equilibria to wildtype ECAD12, but statistically different from
each other. The assembly/disassembly kinetics are independent of time in the calciumadded state. Interestingly, in both the Apo and calcium-added states there was a
“kinetically-trapped dimer”, much like the interesting D*apo species observed for Ncadherin30. Other studies in our laboratory have focused on the structural components
that lead to this trapped dimer in N-cadherin. This trapped dimer forms in N-cadherin
even in the absence of R14, thus it is interesting that it forms in E-cadherin when K14 is
removed.
Data presented in the current studies through characterization, structural stability,
and assembly experiments on the effects of the K14A mutation are consistent with the
interpretation that the mutation has no marked effects on the characterization behavior,
structural and folding stability in ECAD12. The discrepancy between the
monomer/dimer equilibria of K14A and K14S in comparison with the K14E mutation
yields the conclusion that dimerization kinetics are indeed dependent upon the mutation
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imposed. The overarching conclusion is that the K14 interface is integral to formation of
the X-dimer and that the magnitude of its kinetic effect depends upon the amino acid
mutation. The long term application of the results of these studies will be to highlight the
differences between Epithelial and Neural cadherin, with the hope that these differences
will allow inhibition or promotion of their function as demanded by the specific
physiological phenomena. The significance of the role of classical cadherins in myriad
cellular processes confers significance to the understanding of the role of the X-dimer
interface in physiology as a subject worthy of further research.
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